Introduction
Carbon nanotubes (CNTs) show promise for future applications in the technology field as well as offer a platform for research.
1,2 They have been used in electronic applications as a three-terminal switching device as a bridge across two electrodes 3 and have also been shown to be useful in biomedical applications as an effective tool for transporting therapeutic molecules. 4 Carbon nanotubes can be attractive for its application in microelectronic cooling by encapsulating phase change materials (PCM) into CNT's. Microelectronic devices have become more complex and the issue of system designing has become more intricate along with reduction in system weight and dimensions. This has raised the chances of thermal failures 5 in devices as electronic packing designers aim mostly in the cooling section, like getting rid of a bulky fan. It is now more common to use liquid coolant to flow through the micro electronic systems and cool directly or indirectly with the liquid coolant. 6, 7 Use of PCM's stands out as one the most promising methods of indirect cooling because the PCMs take up heat when changing phase. PCMs like hydrated salts, paraffin waxes are being used as heat storage materials for houses in air conditioning. 8, 9 PCMs like wax can be encapsulated in carbon nanotubes and the suspension of wax filled CNTs can be flown through microelectronics using microchannels as coolant. Such suspension can take up heat from the heated system and can store some of heat due to melting of wax. Nano-encapsulated PCMs are expected to work better than bulk PCMs as the characteristic time of heat transfer (∼ 10 −7 s) in comparison to bulk. 10 Besides, nano-encapsulation also allows to "tweak" the temperature range in comparison to bulk.
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But the biggest problem lies in organization of flow of the suspension through microchannel because CNTs are hydrophobic and do not disperse properly in water;
11 to flow the suspension at a high pressure, viscous loss is unavoidable leading to poor efficiency of such system. So, for use of the very promising nanoencapsulated PCMs, the biggest challenge so far was to make stable CNT suspension and detailed understanding of its flow characteristic to optimize the amount of CNT and wax into the system without causing any or minimizing viscous losses. Using the flow characteristics of the intercalated CNTs, it will be seen how the suspension absorbs heat in a microelectronic system by making a prototype of it with a constant heat flux condition.
Theory
The Poiseuille equation gives the flow profile of a fluid through a cylindrical pipe with a circular cross section. In this work, by using microchannels with 256 µm diameter, the continuum approach is still valid. 11, 12 So, for the noslip boundary condition, Poiseuille equation is still valid. The velocity distribution of flow through circular tubes is given by:
where r is the radius of the fluid element, a is the radius of the microchannel, µ is the viscosity of the fluid, and dP/dZ is the pressure gradient. Figure 1(b) gives the fully developed velocity distribution of laminar flow through a cylindrical channel. To obtain a relationship between the volume flow rate, Q, and the pressure, we consider the flow through a cylindrical channel with a circular cross section (Figure 1(a) ) and the volume flow rate is: the wall is zero due to friction and the maximum velocity is at the center.
where v z is the velocity along the length of the tube and r is the radius of the fluid, and 2πrdr is the differential area (Figure 1(a) ). By integrating this expression over the entire radius of the microchannel, the theoretical volumetric flow rate is given by the Poiseuille formula:
where L is the length of the microchannel (m), and ∆P is the change is pressure (Pa).
Experimental Section

Materials and Preparation
Carbon Nanotubes (CNT), PR24XTLHT-AM, were obtained from Pyrograf Products Inc. The CNTs were on average 10 µm in length and had a diameter of 70 nm. The average aspect ratio of the CNTs was 200. NaDDBS (Mw=348.48 Da) was obtained from Sigma-Aldrich. The Circular metal microchannels, 256 µm diameter, were obtained from McMaster-Carr. CNT weight percentage was varied between 0.01 wt%-1 wt%. The stable suspension of CNTs in water was made along with NaDDBS as the surfactant. The ratio of concentration of CNTs to NaD-DBS was 1:10. For preparation of the CNT suspension, 19 mL of water was added to the CNTs and sonicated for 30minutes. Once dissolved, 1 mL of the NaDDBS was added to the CNT suspension and then was sonicated for 16-24 hrs. After sonication, bubbles were removed using a syringe to avoid clogging in the channel. For the preparation of wax intercalated CNTs, the method of self-sustained diffusion was followed;
2,10 a wax solution was made using benzene as a solvent. 10 g of wax per 25 g of solvent was sonicated for 30 min until a clear solution was prepared. 3 g of CNTs were added to the wax solution and sonicated for 30min or until a homogenous solution was prepared. The wax intercalated into the CNTs through self-sustained diffusion. Then, benzene was added to the deposit and sonicated for 3 min to rinse any solute the may have been on the outside of the CNTs. The dispersion was then filtered through a syringe filter and then prepared as discussed above.
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Experimental Setup
The experimental setup is provided in Figure 2 . Air comes through the air line and pushes the oil on top of the CNT suspension chamber once the two way valve is opened. Oil pushes the CNT suspension out through the microchannel and into a 100 mL beaker. Oil was used because air creates flocculation of the system, and the CNTs would be unable to flow through the microchannel. Two cameras were setup to take images of experiment. One camera was placed to take images of the pressure gauge and attached stopwatch. The other camera was placed to take images of the 100 mL beaker. Both cameras captured images simultaneously approximately 30 seconds apart. The pressure is read from the pressure gauge and the theoretical flow rate is calculated. The CNT suspension flowed out of the microchannel into a 100 mL beaker.
Results and Discussion
For flow through microchannels, a stable suspension of CNTs is needed. To produce a stable suspension sodium dodecyl benzene sulfonate (NaDDBS) was used as a surfactant because CNT's do not disperse well in polar solvents like water. 15 Carbon nanotubes have high aspect rations and high flexibilities result in tight entanglement and close packing. The poor solubility and hydrophobicity stem from strong Van-der-Waals attraction energy between the nanotubes when they are closely packed. 15 Dispersion of CNTs in the desired medium can be achieved through ultra-sonication or shear mixing or using chemical ways like surface functionalization with acids. These sometimes lead to surface fracture or the use of surfactants to modify surface characteristics toward individual tube wetting and prevention of agglomeration. Surfactants generally consist of two parts: the heard group which gets adsorbed onto the surface and the tail which allows the medium to wet the surface. Surfactants like NaDDBS are useful because it has been on of the most efficient surfactants to produce a stable suspension of CNTs in water. 14, 16 The benzene group in NaDDBS allows better dispersion because of π stacking interaction of the benzene ring on the CNT surface which enhances adsorption.
14 The suspension was made using a combination of mechanical (ultra-sonication) and chemical (surfactant) ways. Ultra sonication allows the CNT bundles to exfoliate and helps the surfactant adsorb onto the surface. 17 The set up did not have any pressure regulators, so the pressures were different in consecutive trial of experiments so experiments were first run with water using the current setup to test the validity of the Poiseuille flow. The experimental flow rate was calcu- lated by the following equation:
Where ∆V is the change in volume (m 3 ) and ∆t is the change in time (seconds). The volume change was found and was used to calculate the experimental flow rate. Figure 3(a) suggests that experimental flow rates are nearly identical with theoretical prediction. This verifies the validity of the setup. Different concentrations were used to explore the system and after adding surfactant, the experimental flow rate was found to be 1.4-1.6 times higher than the theoretical flow rate.
The viscosity of the surfactant solution, measured using LV-II+ cone and plate Brookfield viscometer, was approximately 1 cp. This shows that the increase was not a cause of lower viscosity. The increase in flow rate can be explained by the existence of slip occuring at the wall19 and it is attributed to the formation of nanobubbles caused by the surfactant. To explain the exisrence of slip it was mentioned that the slip occure because the fluid is rolling over these nanobubbles resulting in the invalidation of the no-slip boundary condition. As explained in the experimental section, during sonication of the surfactant solutions, bubbles were observed. The surfactant piles up at the wall during flow and helps degassing and formation of nano bubbles.
Volumetric flow rates of CNT suspensions with added surfactant were measure at different pressure drops and the results are shown in Figure 4 . The results show that the flow rate of the CNT suspension was 1.2-1.8 times higher than the theoretical flow rate.
Next, CNT suspensions intercalated with wax were used. Observations of the wax-intercalated CNTs were done using JOEL JEM 3010 Transmission Electron Microscopy (TEM). The image shown in Figure 5 reveals the presence of wax in the CNT bore.
The volumetric flow rates of wax intercalated CNT suspensions with added surfactant were measured at different pressure drops and the results are shown in 6. The system was unable to perform beyond 0.7 wt% of wax intercalated CNT concentration because many agglomerates still remained even after 24 hours of sonication which clogged the entry of the microchannel. The results show that the wax intercalated CNTs flow rate was 1.4-2 times higher than the theoretical flow rate under the same pressure gradient. In all the CNT flow tests, the experimental flow rate was higher than experimental flow rate due to the surfactant. Wax filled CNTs show a higher flow rate than CNT suspension. This is because CNTs has a hydrophobic surface, and when intercalating wax there is always a thin layer of wax remaining on the outside surface of the CNTs which make them more hydrophobic. When the nanotubes come close to the wall, air surrounding the nanotubes causes slip. Other observations were that at higher pressures, the experimental flow rate was much greater than theoretical flow rate. Henry's Law states that for infinite dilution, the solubility of a gas is directly proportional to the pressure of the gas. 18 As we go down the channel, the pressure decreases resulting in desolubilization of the dissolved gas causing in formation of nanobubbles which are stabilized by the surfactant. According to reference [19] , the slip length for a circular channel can be described as:
Where a is the radius of the channel and λ is the slip length. Figure 6 shows the slip length of the different percentages of CNTs as well as wax intercalated CNTs measured using Equation 5 . We have seen that as the percentage of CNT increases, the slip length also increases.
Conclusion
In this work it has been shown that CNT suspensions can flow through microchannels up to 1 wt% under pressure driven conditions. The results show that even at high weight percentages, the flow rate is much faster than the predicted flow rate, allowing for more CNT to be flowed at a lower pressure drop. The same can be said for wax intercalated CNTs as it has shown a higher flow rate at the same pressure drop. We hope to continue working on experiments that use the flow characteristics of the wax intercalated CNTs in the heat transfer experiment and calculate the heat transfer coefficient. We are planning to vary the different concentrations of wax intercalated CNTs and measure the heat transfer coefficient at each concentration, and therefore mimicking a microelectronic application. This is a cost effective way than other liquid coolants and will also eliminate the need of cooling fans that are currently in some computers.
